Adsorbed atoms and molecules frequently cause restructuring of single-crystal surfaces. ranging from small atomic relaxations and reconstructions to macroscopic shape modifications. The occurrence of such adsorbate-induced restructuring is reviewed. and the mechanisms and dynamic time scales are discussed. The importance of adsorbate-induced restructuring in a variety of surface processes is stressed.
Introduction
In the early nineteen fifties a physical model of a surface would typically be a flat plane, representing the , tennination of the condensed phase and devoid of atomic structure. Such a model could explain the properties of the surface space charge! and the variation of the work function from one crystal face to another.2 It was also satisfactory for the development of surface thennodynamic parameters to explain Gibbs surface segregation,3 the Langmuir adsorption is?thenn 4 and surface tension. s Then, studies of surface structure and chemisorption using single-crystal surfaces and small metal tips revealed the constant presence and the large concentration of atomic steps, usually one atom in height, separated by terraces which are atomically well ordered. 6 The ordering of these steps on higher-Miller-index crystal faces gives rise to electron diffraction features that facilitated studies of their structure. 7 Figure 1 shows a recent scanning tunneling microscope image of the (0001) surface of rhenium,s that looks flat by electron diffraction although it is in fact full of steps. Kink sites, where steps show atomic irregularities, were also frequently observed via electron diffraction. 7 The omnipresence of steps and of kink sites gave strong endorsement to terrace-step-kink models of crystal growth and evaporation developed in the early days of surface science: 9 ,l0 these sites were invoked to play dominant roles in controlling the kinetics of these phase changes, which occur at the surface. Surlace irregularities, steps and kinks were also found to play major roles in surface chemical reactions and were found to be partly responsible for the surface structure sensitivity of many catalytic processes. 11 Both the flat and step models of surfaces assumed a rigid lattice in which the surface atoms retained their clean-state equilibrium positions during adsorption or during surface reactions. However, it has recently become abundantly clear that the presence of extra atoms on a surface can restructure that surface. New surface science studies reveal that, during surface chemical processes, marked changes frequently occur in the locations of surface atoms in the substrate. The act of adsorption gives rise to a dynamic change of surface structure, often reversible, sometimes pennanent. Thus, the sUrface structure cannot be viewed as being static during adsorption or during catalytic reactions but changes markedly as the nature and concentration of adsorbates are varied.
In this paper we focus on and review this surface phenomenon, adsorbate-induced restructuring, which appears to be all-pervasive. Adsorbates are foreign atoms of a different chemical element than the substrate material. Adsorbates may be individual atoms or molecules or any other cluster of atoms. The stronger the adsorbate-substrate bond, the more likely that restructuring of the surface occurs, Thus, physisorption, with its 1 weak bonding to the substrate is not known to cause any detectable restructuring. Chemisorption does frequently imply restructuring, whether the adsorbate-substrate bond is covalent or ionic, and whether or not the bonding is accompanied by charge transfer.
There are different kinds of adsorbate-induced restructuring, ranging from mild local relaxations via moderate local reconstructions to drastic macroscopic reshaping. We shall review their occurrence and discuss their mechanisms and dynamic time scales. We shall also consider the role of adsorbate-induced restructuring in important surface processes, including the formation of active sites in catalysis and the phenomenon of cyclic reconstructions. We also propose that such restructuring is ,one explanation for the "structureinsensitivity" of a class of catalytic reactions, and that it often may be responsible for the bond breaking of adsorbates, i.e. be the cause of reactivity.
Tabulations of surface structure results, including many to be discussed here, are available in the literature.
12 .
16 Below, we shall provide tables of surface structures formed by adsorbate-induced restructuring, classified according to type of restructuring.
The Nature of Clean Surfaces
Before describing the phenomenon of adsorbate~induced restructuring, we shall summarize the main structural properties of clean surfaces. We shall call a surface ideal when it is obtained by a truncation of the threedimensional bulk crystal lattice, such that all atomic nuclei are frozen in their bulk lattice sites. Many closepacked clean metal surfaces fall in this category, within the uncertainty of the experimental techniques of surface crystallography, which is on the order of 0.01 to O.03A. Examples are the (Ill) and (100) faces of many face-centered cubic (fcc) metals, such as Ni, Cu, Rh, Pd and Ag.
Often, small variations in bond lengths and bond angles of atoms in the surface occur to accommodate the changed ,environment of the interface to produce a relaxed surface. Measurable relaxations (i.e. atomic displacements of about O.03A or more) are found aUess close-packed clean metal surfaces, such as the (110) face of most fcc metals, including Ni, Cu, Rh, Pd and Ag. Typical is a contraction of the spacing between the first and second atomic layers perpendicular to the surface plane (z direction), followed by an expansion between the next two layers., Such relaxations can be found even deeper in the surface, but they decay exponentially in magnitude with depth.
Lateral displacements, parallel to the surface (x-y directions), also occur,at clean unreconstructed surfaces.
The main example is that of step edges, due to their asymmetry parallel to the surface: an atom at a step edge will tend to be pulled not only in the z direction into the surface but also laterally towards the upper terrace, i.e.
in the direction where most of its bonding pamiers are located.
Several clean semiconductor surfaces are also relaxed, such as the (110) face of GaAs and other III-V compounds, Here the relaxations usually occur in directions both perpendicular and parallel to the surface and can have relatively larg~ amplitudes (up to about lA). They often consist of substantial bond rotations, in addition to bond length changes.
The presence of a surface may also cause local bond .breaking and new bond formation, which we shall call reconstruction. In this case, the bulk bonding arrangement is no longer the preferred one and a new bonding cOnfiguration takes over at the surface. This occurs primarily with solid surfaces in which there is a preference for directional bonding and an energetic disadvantage due to unsatisfied "dangling" bonds; semiconductor surfaces are prominent examples. A totally new surface lattice may be created, which may be unknown in the bulk. Examples are the reconstructions of the (100) and (111) due to smaller total-energy differences between structures. Eiamples of reconstructed clean metal surfaces are:
Mo(100) and W(100). 1r(100) and (110) . Pt(lOO)~d (110) . and Au(lll). (100) and (110 In addition. adsorbates can induce new relaxations of a type that does not occur in the clean surface. Often these are atomic displacements parallel to the surface. rather than perpendicular to the surface. Typically. an adsorbed atom will induce lateral displacements that provide better bondipg to the substrate. This is well illustrated by S on Fe(llO). as shown in Fig. 2 . The clean Fe(llO) surface provides two-fold and three-fold coordinated adsorption sites of high symmetry. Apparently. sulfur maximizes its coordination number to nearly four by distorting the two-fold coordinated site into a nearly square "hollow" site.
Other examples are provided by carbon as well as nitrogen on Ni(IOO). Fig. 3 . The adatom manages to penetrate the Ni(100) surface so as to bond not only to four fil'St-layer Ni atoms but also to a Ni atom in the second metal layer. This is achieved by expanding a four-fold hollow site around the adatom. The surrounding metal lattice does not accept a corresponding compression (because nearby adatoms also cause expansions). and instead forces a rotation of the squar~ of four Ni atoms about the surface normal. Thereby the average metal density in the top layer is kept constant.
A semiconductor example is shown in Fig. 4 : Sb adsorbed on GaAs(11O) removes the relatively large up.
down and lateral displacements of the Ga and As atoms in the topmost layer of the clean surface. Other cases of adsorbate-induced relaxations with components parallel to the surface are given in Table 2 . 
9% (10%) from -12% (-12%) (both the clean and 40. the S-covercd surface have the missing-row reconstruction)
Fe ( Table 3 gathers examples where the substrate undergoes bond breaking and rebonding as a result of adsorption. Several categories may be distinguished.
Local Reconstructions Induced by Adsorption

A. Removal of reconstruction by adsorption
Adsorbates frequently destroy existing reconstructions of clean surfaces. The substrate then usually takes on the bulk structure again. It appears that the adsorbate substitutes for the missing atoms due to the original creation of the surface: the adsorbate places the surface atoms in a more bulk-like environment. However, even small amounts of adsorbate, as little as 10% of a monOlayer, may be sufficient to destroy a reconstruction. 
50.
Removal of the hexagonal top-layer reconstruction of the (100) There the clean-surface reconstruction is maintained in the presence of alkali atoms.
B. Creation of reconstruction by adsorption
An unreconstructed clean substrate can be induced to reconstruct by adsorbates. This occurs in particular with alkali atoms adsorbed on Ni,74 CU,75 Pd 82 and Ag(llO). 83 Even with a small fraction of a monolayer of alkali metals, these metal surfaces take on the "missing-row structure", in which every other row of closepacked surface atoms is missing. A likely reason for this is that large alkali atoms bond more strongly within the deep troughs due to the missing rows than in the shallow troughs of the ideal (110) Each H atom bridges a pair of W or.Mo atoms, replacing the zigzag chain geometry.
The adsorption of metals on semiconductors also induces different reconstructions. However,little is known so far about the details of most of these structures. But it seems clear that these cases appear to signal the occurrence of a more pervasive type of reconstruction, compound formation, to be discussed next.
D. Compound formation induced by adsorption
In compound formation, a reconstruction occurs that involves a stoichiometric mix of the substrate and adsorbate atoms. Continued addition of adsorbate atoms may enable the formation of a thicker compound film. Such behavior is characteristic of oxidation, nitridation, carbide formation and alloying of metal surfaces. Compound formation is also common in the formation of metal silicides after adsorption of metal atoms onto silicon surfaces. Thus, upon Ni deposition on Si(lll), NiSi z grows with its (111) surface interfaced to the substrate, as shown in Figure 10 . Cobalt and other transition metals behave similarly. Figure 11 illustrates the case of AI forming a substitutional GaAsAI compound after deposition on GaAs(llO). Table 4 
A. Restructuring of stepped surfaces by adsorption
After proper preparation, stepped surfaces often exhibit ordered steps of mono-atomic height separated by flat terraces. With some surfaces, such as those of semiconductors, two-atom-high steps are most frequent.
Adsorbates have frequently been observed to restructure such surfaces, as Table 6 illustrates. Often preferential adsorption at step sites multiplies the step height. Desorption of the adsorbate reestablishes the cleansurface step heights. 
B. Adsorbate induced compound crystallite formation
Associated with compound formation, one may observe a macroscopic change in the shape of the surface.
For instance, differently oriented facets of microcrystallites can form due to the particular way in which the compound lattice is anached to the substrate lattice. An example of such facet formation was observed with the oxidation of Mo( 100). 129 
C. Adsorbate induced recrystallization
Adsorbates bind more strongly to one crystal face than another and can thus force a recrystallization of the substrate to expose a more favorable face that offers stronger-binding sites. For instance, 4-fold coordinated sites might bind a particular adsorbate more strongly than 3-fold sites. In order to minimize the surface free energy, the surface would then restructure to expose more 4-fold than 3-fold sites. Thus, face centered cubic particles with (III) surface orientations would restructure to expose faces with (100) orientations.
The sulfur adsorption induced reconstruction of the Ni(lll) crystal face to Ni(1oo) is one example of this effect. 194 Other examples include the adsorption of oxygen on iron, tungsten or nickel, all of which cause massive reorganization of the metal surfaces.
Another example of recrystallization is the alumina-induced restructuring of iron. Alumina is a so-called structural promoter of iron catalysts used in the synthesis of ammonia. This is a structure sensitive catalytic reaction that occurs at a rate that is more than two orders of magnitude faster over the Fe (111) and (211) crystal faces than over the close packed Fe(11O) face. 195 In the presence of oxidized aluminum islands on Fe(1 10), iron restructures when heated in water vapor or in oxygen. A much more active catalyst is thereby produced,
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which carries out ammonia synthesis at rates that are similar to those of the most active Fe(lll) crystal face. It was found that an iron-aluminate layer (FeAl 2 0 4 ) forms which acts as a substrate for the recrystallization and growth of iron particles with (Ill) crystal faces. Figure 12 shows a schematic model of the alumina induced restructuring of iron.
It has also been observed that sodium can recrystallize iron oxide. 196 Ordered iron oxide films were grown by evaporation of iron onto a Pt(l1 I) crystal face and subsequent oxidation by heating in oxygen. When sodium is deposited on an FeO film and then the film is heated in vacuum, it completely restructures in a marmer shown schematically in Fig. 13 . Iron oxide dissolves in sodium, then breaks up into many small particles that do not wet the platinum substrate but form separate aggregates of iron oxide enclosed by sodium.
Upon removal of sodium by evaporation, the iron oxide film can be recovered with its original composition and structure.
D. Adsorbate induced reshaping of clusters
Often small metal atom' clusters are used for catalysis and for studies in the vapor phase. l97 These clusters may have many different structural shapes that are thermodynamically very similar in energy. Their shapes are therefore sensitive to adsorbates on their surface. A theoretical discussion of this effect has been published. 198 This is the likely explanation for the unique reactivity that occurs at certain cluster sizes (with "magical numbers" of atoms), and for the abrupt changes of electrical properties such as ionization potential or work function upon adsorption on clusters of certain sizes. 199 When rhodium particles are heated in hydrogen atelevated temperatures, electron mi~roscopy shows that they sinter and grow (Fig. 14) . Upon reaction with oxygen the chemisorption causes a drastic modification of shape as the particles flatten. Upon heating at lower temperature in hydrogen, the flattened platinum particles break up into small clusters and form metal particles of higher dispersion. Finally, upon reheating in hydrogen at high temperature they sinter again to form bigger clusters. 2oo This sequence can be repeated many times. It Other adsorbates also induce changes in particle shapes. 201
Further examples are described in recent reviews.202. f) Bunching up of steps, leading to facetting: The "equilibrium crystal shape," which describes the optimum external shape of a single crystal, can exhibit sharp comers. These correspond to unstable crystal planes. If a surface is prepared with such an unstable crystal plane, the surface will break up into an alternation of the two nearest stable crystal planes on either side of the unstable plane. This, in the case of Si surfaces cut 5-10 0 from the (111) face, leads to the formation by diffusion, parallel to the surface, oflarge step-free (lll) terraces, separated by large high-step-density regioIis.
19 g) Thermal roughening by disordering of steps: Above a certain temperature, the diffusion of atoms along a stepped surface is rapid enough to cause the steps to lose their linearity. The steps will assume an increasingly curved shape, which lengthens them, so that a larger fraction of the surface atoms is at or near steps. This leads to roughening of the surface also in the direction perpendicular to the surface, as observed in particular on stepped metal surfaces. , ' The time scales over which surface restructuring occilrs vary widely, from an atomic vibration period to beyond the human lifetime. Two main steps in a'restructuring process need to be distinguished.
A first and essential step in all adsorbate-induced restructuring is the adsorption itself. If a barrier to adsorption exists, it may slow down the process or prevent it altogether. This happens frequently w'ith adsorption from the gas phase, if the gas molecule has to be decomposed before adsorption. The time scale is then determined by the activation energy to dissociation. ,.
Secondly, the restructuring itself takes time. At a minimum, times on the order of atomic vibration periods -are required, if only small relaxations are involved: For more complex restructuring, an activation barrier to formation of the new structure may exist, which may govern the overall rate of the restructuring. This would happen when a chemical reaction must take place, or when a structural phase transition occurs. In the cases that require atomic diffusion, whether perpendicular or parallel to the surface, the'diffusion.bamers often dominate the overall rate. o i In catalytic reactions, slow surface restructuring processes are often detected by the occurrence of long induction periods before steady-state catalytic rates are reached. The induction periods depend on pressure, temperature and particle size of catalysts. This is perhaps the most difficult and complex regime' of the adsorbate-induced reconstruction phenomenon. It includes such processes as the build-up of stable hydrocarbon overlayers on metal surfaces, and the formation of carbides, nitrides or oxides by slow solid-state reactions. Nevertheless, it is also one of the most imponant areas for ~~vel.oping.an understanding of ways, to f~~ri cate stable catalysts and 'surface reaction systems. Frequently; one invokes the presence of active sites for crucial, rate~determining bond breaking or bond rearrangements in heterogeneous catalytic reactions.' Certain unique site structures are held responsible for imponant catalytic events. Examples include the dissociation of dinitrogen by the C; (7-fold coordinated) sites ofFe(lll) or (211) crystal orientations,195 and the preferential dissociation of C-H bonds at step sites. 206 .
Since chemisorbed atoms and molecules may change the positions of metal atoms at or near the surface, it is likely that many of these active sites are only, produced upon adsorption and do not exist on clean surfaces.
,Thus, caution has to be exercised in studies of the surface structure for the purpose of detecting active' sites when the surface is clean, since the active sites may not exist on such surfaces. The surface structure should be analyzed .in the presence of reactants, reaction intermediates or products to identify. the surface structural changes that may occur. These changes may then be correlated with the adsorbate-induced formation of active surface sites as well as the structure of the clean surface. The time scales over which surface restructuring occurs vary widely, from an atomic vibration period to beyond the human lifetime. Two main steps in a'restructuring process need to be distinguished.
A first and essential step in all adsorbate-induced restructuring is the adsorption itself. If a barrier to adsorption exists, it may slow down the process or prevent it altogether. This happens frequently with adsorption from the gas phase, if the gas molecule has to be decomposed before adsorption. The time scale is then determined by the activation energy to dissociation. Since chemisorbed atoms and molecules may change the positions of metal atoms at or near the surface. it is likely that many of these active sites are only produced upon adsorption and do not exist on clean surfaces.
Thus, caution has to be exercised in studies of the surface structure for the purpose of detecting active sites when the slirface is clean, since the active sites may not exist on such surfaces. The surface structure should be analyzed in the presence of reactants, reaction intermediates or products to identify the surface structural changes that may occur. These changes may then be correlated with the adsorbate-induced formation of active surface sites as well as the structure of the clean surface.
D. Reconstruction controlled reactions
In certain favorable circumstances surface reconstruction can control the turnover rate of catalyzed surface reactions. This can occur when the reconstruction is an intermediate step in the reaction process.
There are several examples of surface structural transformations that are intimately coupled with chemical reactions and give rise to oscillatory reaction phenomena. One of these is the oxidation of CO to CO 2 on the platinum (100) face at low pressure. 207 ,208 Adsorbed CO removes the hexagonal reconstruction of the bare surface to form an unreconstructed metal surface. Oxygen chemisorbs at defect sites on this surface and reacts rapidly with adsorbed CO to desorb as CO 2 , This removes CO from the surface and leaves patches of bare metal which reconstruct to the hexagonal phase by an activated process. Oxygen has a very low sticking probability on the clean surface and CO oxidation rates are therefore small. Then new CO adsorbs on the bare patches, removing their reconstruction and repeating the whole process. As a result, the surface oscillates between the two structural forms and this gives rise to the observed temperature and reaction rate fluctuations.
On a different face, (110) , of the same metal, Pt, the same reaction also has an oscillatory behavior: in this case the missing-row reconstruction of Pt(11O)-(Ix2) is implicated. 209 Under certain conditions this reaction even becomes "chaotic," i.e. the oscillator is not simply periodic. 210
Another reaction on Pt(IOO) that exhibits oscillatory behavior involving surface reconstruction is that between NO and CO. 211 However, not all oscillatory reactions are driven by the same adsorbate-induced restructuring mechanism. Oscillations on Pt(1II), which does not reconstruct, have been attributed to a cyclic oxidation and reduction of the surface. 208
E. Structure insensitive reactions
A number of chemical reactions occurring at solid surfaces have been found to be surface-insensitive. 212 No matter which crystal face is used, a given reaction maintains the same rate and selectivity. We suggest that adsorbate-induced restructuring can offer a possible mechanism for such behavior. The reaction would simply induce rapid surface restructuring to one particular structure upon adsorption, regardless of the orientation of the initial clean surface .. The reaction would then always occur on that restructured surface.
F. Bond breaking of adsorbates induced by surface restructuring
Up to now we have focussed on the influence of adsorbed molecules on the substrate, causing restructuring of surfaces. We now address the reverse process whereby surface restructuring in tum affects the adsorbate itself.
There is ever-increasing evidence that the local restructuring of surface atoms, in the proximity of adsorbing molecules, is the cause of bond breaking in the adsorbates. The relocation of the surface atoms, either parallel or perpendicular to the surface, under the influence of chemisorption changes the local electronic structure, in particular its symmetry properties: this can cause particularly strong interaction with the molecular orbitals of the adsorbates. This surface restructuring model of surface reactivity awaits experimental verificat!on using techniques that can probe the surface structure under reaction conditionS.
